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I. INTRODUCTION
T HE design of fiber optic multiterminal data distribution systems has been treated in detail by many authors [1]- [2] . System design has centered on two basic coupler components: the "star" coupler 133 and the access "tee" coupler [ 11. To date, several demonstration systems have been constructed and tested [4] - [5] .
Early demonstration systems made use of multifiber bundles, solid glass mixing rods, and relatively low-radiance LED sources. More recently, the work of Kawasaki and Hill [ 6 ] on fused multimode couplers has allowed the fabrication of both star [7] and access tee couplers with substantially reduced excess losses. Today, the increased availability of low-loss single-mode fibers, low-loss thermal fusion splicing techniques [8] , high power single-mode GaAlAs laser diodes [9] complete with fiber pigtails and high speed modulation packages, and ultrafast avalanche photodiodes, has, at least in principle, opened the possibility of very high bandwidth fiber optic multiterminal data distribution systems.
In this work, we have taken advantage of these developments to assemble and test an eight-terminal tapped tee singlemode data distribution system. Here we have employed a fused single-mode access tee coupler recently developed at NRL [lo] . The data bus was operated at a 500 Mbit/s data rate and had a maximum throughput loss of -27 dB. Projected system performance indicates that a tapped tee system with up to 15 terminals operating at 500 Mbits/s with a bit error rate of could be implemented with the available components. For applications such as high speed computer networks [l 11 , where high data rates (500-1000 Mbits/s), medium to long link lengths (500-1000 m) and a limited number of terminal ports (10-20) are required, single-mode fiber technology appears to offer a substantial advantage over multimode fiber technology.
In the following we review the theory of the tapped tee distribution system and present the performance parameters achieved for the constructed data bus. Projections for achievable performance for this type of system are then made.
DESIGN OF TAPPED TEE DATA Bus
We assume an unidirectional data bus as shown in Fig. l(a) . For a useable bidirectional system, two such buses could be used, with propagation in opposite directions [ 13. For a system consisting of n couplers, n t 2 terminal ports are available U.S. Government work not protected by U.S. copyright last coupler where again K is chosen to equal 1. This configuration achieves equal access for all the input ports on the first half of the link, referenced to the link midpoint. Conversely, it also achieves equal output signal levels from an input before (la) the midpoint for all ports beyond the link midpoint. In particular, the K values are chosen as follows:
with the layout of Fig. l(a) . With coupler ports labeled as in Fig. l(b) , we define coupler transmission T and coupling fraction K as follows.
1) For input signal on port a (Pb = 0 )
Here, P denotes optical power into or out of the labeled port.
We also assume a splice transmission factor S and a splice between each coupler, for a total of n -l splices. For K < l (K = 1 corresponds to equal power division between output ports), the worst case throughput loss occurs for the signal path between the first coupler (input signal on port b ) and the last coupler (output signal on port 4. For n identical couplers, this is given by Throughput loss is then maximum between any input port to the left of the link midpoint and any output port to the right of the link midpoint. For convenience we take the input port just before the link midpoint (n/2) and the output port just after the link midpoint (1212 + 1) and calculate the maximum throughput loss from (2) as
where KnI2 is obtained iteratively from (4).
where the subscript now denotes the coupler number. This 111. EXPERIMENTAL RESULTS thruput loss is minimized for n identical couplers by choosing K from the relationship Here we present the performance parameters achieved for the constructed eight-terminal tapped tee data bus shown in Fig. 2 .
Fused Couplers
where we restrict n > 4 in order to maintain K < 1.
The problem of minimizing the link throughput loss when the coupling fraction K is allowed to vary along the link length has been solved by Altman and Taylor [4] and by Auracher and Witte [ 121. Again, restricting K < 1 they arrive at a symmetrical distribution in which K decreases, from K = 1 at the first coupler, towards the link midpoint (n is restricted to be even) and then increases in a symmetrical fashion towards the Six single-mode fused access couplers were fabricated from ITT single-mode fiber with a measured V number of 2.08 at h = 0.82 pm and a 5.2 pm core diameter. The couplers are made by chemically etching the fiber cladding layer and thermally fusing the thinly clad core regions. The coupling fraction was controlled by actively monitoring the coupling at h = 0.6328 pm during the fusion and tapering process. After fusion, the couplers are mounted by epoxying the fiber Details of these couplers and their fabrication will be published elsewhere [lo] .
The couplers were then permanently interconnected by thermal fusion splices to form the tapped tee data bus diagrammed in Fig. l(a) . Initially, as the data bus was being assembled, the transmission and the coupling fraction for each coupler were determined by injecting an optical signal into one end of the bus and measuring the signal levels from each output port as couplers were consecutively added. In this manner, the combined coupler-splice transmission, the output coupling fraction, and the link thruput loss were obtained. In order to isolate the splice transmission from the coupler transmission, the signal levels before and after the splice were measured while the data bus was disassembled. Table I summarizes the CW measurements for each of the couplers at h = 0.82 pm and h = 0.6328 pm. The values at h = 0.6328 pm were available from the coupler fabrication process and were initially used to determine the location of each coupler in the data bus. We observed considerable variation between the values of coupler transmission and coupling fraction at the two wavelengths.
Transmitter Module
The transmitter module, developed at RCA Laboratories [13], was comprised of a hybrid GaAs MESFET driver, a GaAlAs injection laser, a thermoelectric temperature stabilizer, and 1 m length of single-mode fiber permanently coupled to the laser. Coupling to the pigtail fiber was accomplished by using a hemispherical lens attached to the end of a tapered fiber. High pulse repetition rates were obtained by pulsing the laser above the dc bias current threshold. The completed module was capable of providing pulses with 1 ns duration, less than 0.3 ns rise/fall times, modulation ratio of at least 80 percent, and average optical power level form the fiber pigtail of 73 pW for a four (4) bit "ony7 (out of a 16 bit word length) NRZ format.
Receiver Module
The receiver module (B & H Electronics Company Type OC-3002-MIC) utilized a TI-XL55 silicon avalanche photodiode having an active area of 5 X cm2, with photocurrent gain of 7 at 130 V bias voltage, and less than 170 ps rise/fall time. The detector's integral glass lens serves to collect and focus the light output from the fiber end onto the active area of the detector.
Data Bus Performance
Four bit "ON7 (1 01 0101000000000) data streams were simulated by driving the transmitter module with a Tau-Tron Model MG-15 16 bit word generator. The output signal level at each coupler output port was measured with the receiver module described above. Fig. 3(a) illustrates the RF voltage output from the word generator. Fig. 3(b) and (c) illustrate typical output voltages measured at output ports 3' and 4', respectively. Table I1 summarizes and compares the CW and RF link loss results for the case where the input signal was applied to port 0 and all the output ports were measured.
Additionally, CW data for the throughput loss between ports 1, 2, and 3, and all the output ports are also included. Since it was noticed that the fiber and resulting fiber couplers used for this work were sensitive to the polarization of the input signal, the CW data given in Tables I and I1 represent average parameter values obtained by rotating the polarization of the input signal through 90". Although no direct correlation between coupler transmission, coupling fraction, and input signal polarization was apparent, it was noticed that those splices and couplers which exhibited lower transmission appeared to be more sensitive to the polarization of the input signal. 
IV. DISCUSSION OF RESULTS
In Fig. 4 we s h~w the experimental worst case throughput loss (input port 1, output port 2'-6') for the assembled data bus (plus signs) as a function of the number of couplers (n). Average values for coupler transmission, coupling fraction, and splice transmission (Table I) were measured at X = 0.82 ,um to be T,,, = 0.79, K, = 0.37, and S , = 0.86. Using these average values, we show the calculated worst case loss versus number of couplers from (2) (solid curve). The theoretical result for the same output coupling fraction K at each terminal using the average values of T and S is also plotted. Here, K is allowed to vary with n as in (3) to minimize the maximum interterminal loss (dashed curve). Finally, using ( 5 ) , we show the worst case loss versus y1 for the case that the coupling constant K varies along the bus according to (4) (dot-dashed curve), again using the average values for T and S . This represents the optimum design for the bus consistent with the assumed values for T and S . The closed circles in Fig. 4 correspond to the hypothetical arrangement of the fabricated couplers chosen to correspond as closely as possible to the values calculated from (5) for the data buses with 2, 4, and 6 couplers. Here, the actual values of K and T were used for each coupler and the average value of 5' for each splice. These data then represent how the actual couplers fabricated would perform if assembled in the optimum arrangement by coupling fraction. For n = 6, this result is better than the optimum, but constant, K case. Extrapolating for n 2 6, it appears that one would be able to do better than the constant K case by allowing some variability in K and then simply arranging the couplers in the optimum order. We see from Fig. 3 that the single-mode fiber data bus has sufficient response to transmit the input 500 Mbit/s data rate without significant degradation of the waveform. Assuming this bit rate and an acceptable error rate of one per lo9 bits transmitted, Personick [ 141 has calculated a minimum detectable optical power of approximately -50 dBm on the photo- detector, for an Si APD. With 1 mW input, our maximum link loss must be less than -50 dB. From Fig. 4 it appears that up to about 15 couplers could be assembled within this limit, when arranged in optimum order, using the performance parameters already achieved. This is undoubtedly conservative because there is every indication that throughput transmission can be improved through improved fabrication procedures and/or through coupler selection. Further gains will be achievable by using higher input powers from higher power GaAlAs laser diodes [ 9 ] .
V. CONCLUSIONS
We have reported the first high-speed single-mode fiber tapped tee data bus made with fused fiber access couplers. We achieved an eight-terminal (6 couplers) data bus with a maximum throughput loss of -27 dB which was satisfactory for 500 Mbit/s data transmission. Projected performance indicates that up to about 15 couplers could be used at this data rate with 1 0-9 bit-error rate and -50 dB total link loss. Although we have not considered additional losses which may arise in practical systems (i.e., fiber transmission loss, cabling loss, additional loss due to demountable connectors, etc.) we feel that this demonstration is an encouraging step towards practical high-speed fiber distribution systems. A LTHOUGH integrated optics have been an active field of research for over a decade, work and progress in this field has been especially pronounced in the last several years. The resurgence in integrated optics is no doubt a result of the rapid progress in low-loss, lllgh bandwidth single-mode fibers and semiconductor lasers, as well as the interest in integrated optic devices for use in noncommunication applications such as the spectrum analyzer and fiber sensors. Still, optical fiber communications remains one of the principal applications for guided-wave devices, and significant advances toward this goal have recently been achieved. Single-mode waveguide devices which provide efficient, low crosstalk optical switching, highspeed time division multiplexing or modulation, wavelength multiplexing and demultiplexing, and polarization manipulation have been demonstrated. An optical switch/modulator with -100 ps switching time and a traveling wave phase modulator with modulation bandwidth approaching 10 GHz have been reported. Earlier limitations which restricted the use of waveguide switches and modulators to input light of a single-linear polarization have been overcome, and polarization insensitive switches, modulators, and filters have now been realized. These devices are compatible with available low-loss single-mode fibers whxh do not maintain linear polarization. In addition, significant progress has been made in efficiently coupling light between strip waveguides and singfemode fibers. In this paper, we will review the current status of single-mode guided-wave devices for optical communication. The various device configurations will be reviewed and compared. Presently demonstrated figures of merit will be summarized. We limit our review to strip or channel waveguide devices because they allow efficient coupling to single-mode fibers. There have been several review articles that deal with the principles of dielectric waveguides, the advantages of waveguide devices over their bulk counterparts, and early device results [l] - [7] . Here, we emphasize recent results for devices applicable to optical communication.
DIELECTRIC WAVEGUIDES Optical dielectric waveguides have been made by a variety of fabrication methods, and in several interesting substrates. However, currently, most optical communication device research involves lithium niobate (or lithium tantalate) and GaAs substrates. To achieve waveguiding, the refractive index in the guide region ng must be greater than that of the substrate n, and the superstrate which is generally air. Waveguides in lithium niobate were first fabricated by out-diffusion [8] . However, only small guide-substrate index differences, An = ng -n,, and relatively large waveguide depths are possible.
The demonstration by Schmidt and Kaminow that in-diffusion of certain metals, particularly titanium, into LiNbO, results in an increased refractive index, provided a convenient, relatively simple method of fabricating low-loss, strip waveguides in a substrate with good electrooptic and acoustooptic properties [9] . Both An and the waveguide depth can be independently controlled by the metal thickness and diffusion time and temperature. Strip waveguides can be readily defined with photolithographic lift-off techniques. Extensive studies of the refractive index profile, waveguide dispersion, and propagation loss of Ti-diffused lithium niobate waveguides have been reported [9] -1151 . Optical losses are -1 dB/cm at h = 0.6328 ,urn and -0.5 dB/cm at X = 1.15 pm. Studies of titanium 0018-9197/8l/0600-0946$00.75 0 1981 IEEE
